A plasma renin activity (PRA)-guided strategy is more effective than standard care in treating hypertension (HTN). However, its clinical implementation has been slow, presumably due in part to economic concerns. We estimated the cost effectiveness of a PRA-guided treatment strategy compared with standard care in a treated but uncontrolled HTN population.
Hypertension (HTN) is the most prevalent chronic condition affecting adults, contributing to substantial morbidity and mortality globally. 1 Despite the development of a wide armamentarium of well-tolerated and effective therapies, HTN control remains suboptimal in the United States. 2 Current US HTN treatment guidelines provide recommendations for specific therapeutic classes for patients with compelling indications. 3 However, for patients with uncomplicated essential HTN, these guidelines recommend only that providers consider thiazide diuretics as initial monotherapy or as a component of initial combination therapy in those with stage 2 HTN at baseline. In the absence of specific drug recommendations for this patient population, some providers prescribe therapies with which they are most comfortable. However, only approximately 40-60% of patients respond to any given antihypertensive agent, 4,5 and 5-10% of patients may even exhibit pressor responses to antihypertensives. 6 Other providers tailor therapy decisions to patient demographics such as age or race/ethnicity. When employed elegantly, this strategy can be useful; however, it relies on population statistics that may not be accurate for all persons in a given group. Furthermore, this strategy is of little use in patients who are already treated but remain uncontrolled. Finally, a common practice in the United States is stepped care, whereby antihypertensive agents are added sequentially to achieve blood pressure (BP) control; however, agents that are ineffective or only minimally effective are rarely discontinued. Taken together, these current strategies are clearly suboptimal given that >1 in 3 treated hypertensive patients in the United States remain uncontrolled. 2 One strategy that has received renewed interest in recent years is the use of patient-level plasma renin activity (PRA) to guide selection of antihypertensive therapy. This concept posits that all chronic BP elevations are sustained by some degree of body sodium volume content or renin-angiotensin-aldosterone system (RAAS)-attributable vasoconstriction. 7 The degree to which either of these pathologies contributes to chronic elevations in BP can be assessed by measuring PRA; thus, patients with chronic HTN can be classified as having predominantly volume-dependent (V) HTN or renin-angiotensin vasoconstriction-dependent (R) HTN at any given point in time. Likewise, all antihypertensives can be generally classified as "anti-V" drugs (e.g., diuretics) or "anti-R" drugs (e.g., angiotensin-converting enzyme inhibitors), according to their major antihypertensive mechanism of action. Thus, patients with V HTN would be expected to respond better to an anti-V drug than an anti-R drug and vice versa for patients with R HTN.
A recent randomized controlled trial found a PRA-guided antihypertensive treatment strategy to be substantially more effective in reducing BP and achieving HTN control than standard care from clinical HTN specialists. 8 In this small study of 77 subjects with treated but uncontrolled HTN, mean systolic BP was reduced by 29 mm Hg in the PRAguided treatment group compared with a reduction of only 19 mm Hg in the group treated by clinical HTN specialists from a baseline systolic BP of approximately 155 mm Hg (P = 0.03). Additionally, 74% of subjects in the PRA-guided treatment group were controlled at study end compared with only 59% in the HTN specialist group (P = 0.17). Finally, from baseline to the final visit, the net difference in average number of prescribed BP medications between treatment groups was 1.2 per V patient (P = 0.01) and 0.5 per R patient (P = 0.15), both favoring the PRA-guided treatment group. This finding suggests that, at least for patients clearly identified as having low-or high-renin status, a PRA-guided strategy may reduce unnecessary medication use in addition to providing more substantial BP lowering. 8 The PRA-guided strategy appears promising; however, two issues have limited broader uptake of this strategy: perceived complexity of PRA testing and cost. Technological improvements and a better understanding of (perceived) confounding factors have largely mitigated the first issue. 7 In addition, the cost of the PRA test has been reduced substantially in recent years. Yet, many clinicians still regard the PRA test as an unnecessary cost and unnecessary aid for treating HTN. Consequently, we aimed to determine the cost effectiveness of using PRA to guide antihypertensive therapy in patients with treated but uncontrolled HTN.
METHODS

Model description
A Markov model was developed that incorporated future events, costs, and utilities in an average person with uncontrolled HTN who was treated according to a PRA-guided strategy compared with standard care from a HTN specialist. The model operates by applying the additional average reduction in systolic BP resulting from PRA-guided therapy (vs. clinical HTN specialist-guided therapy) to published risk prediction models, thereby applying associations between systolic BP and significant clinical events. The patient entered the model with uncomplicated and uncontrolled HTN that was currently treated. The patient could then remain in a hypertensive state or progress to end-stage renal disease (ESRD), acute myocardial infarction (MI), congestive heart failure (CHF), stroke, or directly to the absorbable death state (Figure 1) . If the patient progressed to one of the disease states, he or she could remain in that state or progress to other states or to death. The cycle length was 1 year and the time horizon was 30 years. The model was developed using spreadsheet software (Excel 2010, Microsoft Corp., Redmond, WA).
Model assumptions
Incidence probabilities were estimated and annualized using Framingham regression equations or point-based systems for CHF, 9 stroke, 10 acute MI, 11 or ESRD. 12 Each input variable used to estimate these incidence probabilities was the same in both treatment strategies except for BP, where a PRA-guided strategy was assumed to elicit a 10-mm Hg greater reduction in systolic BP, on average, than treatment by a clinical HTN specialist. 8 Thus, in the base case scenario, SBP was reduced by 29 mm Hg with PRA-guided therapy compared with 19 mm Hg with standard care from a HTN specialist, which is consistent with the aforementioned PRAguided therapy randomized controlled trial. 8 The incidence probability of death from the uncomplicated HTN state was estimated using US national death rate estimates according to age and gender. 13 All other transition probabilities between states other than those originating from the uncomplicated HTN state were static (i.e., the same regardless of treatment effect) and based on literature estimates (Table 1) .
All costs were expressed in 2012 US dollars and discounted at an annual rate of 3%. Costs for medication regimens were not included in the model since they were assumed to be similar regardless of treatment strategy. The PRA test was estimated to cost $150 per test in the base case scenario. This cost incorporated both the estimated cost for a lab to analyze the sample 7 as well as a conservative estimate of the administrative fees and fees associated with the blood draw.
Utilities were obtained from a review of the literature (Table 1 ) and adjusted according to age. 14 No adjustments were made for a patient transitioning from one intermediary state (e.g., post-MI) to another (e.g., CHF). Likewise, no adjustments were made for adverse effects stemming from medication use as these were conservatively assumed to be similar regardless of treatment strategy. Moreover, since the present analysis is not testing specific treatments, any treatment that caused adverse effects would be changed to another medication, regardless of the treatment strategy. Quality-adjusted life-years (QALYs)-a measure that incorporates both length of life and health-related quality of life-represented the utility of a disease state multiplied by the duration of the disease state. Thus, for a person with CHF utility for 4 years, 4 × 0.71 (utility for CHF), 2.84 QALYs would be contributed.
Analyses
In all analyses, the intervention was treatment guided by measuring PRA level (PRA-guided therapy), whereas the best medical management from a clinical HTN specialist was the comparator (standard care). The primary outcome in all analyses was the incremental cost-effectiveness ratio (ICER). The ICER represents the additional cost per additional unit of effect (e.g., QALY) associated with the more effective strategy. Consequently, ICERs can be compared across widely varied interventions or to a prespecified threshold value to aid decision makers in determining willingness to pay for a particular treatment or intervention.
The primary analysis (base case scenario) was modeled on the baseline demographic and clinical variables in the PRA-guided therapy randomized controlled trial. 8 Briefly, these patients were, on average, aged 63 years, with treated but uncontrolled stage 1 HTN, on average (mean baseline BP = 155/89 mm Hg), and otherwise stable without major cardiovascular (except for diabetes) or end-stage renal comorbidities. Table 2 summarizes the base case patient characteristics for a male and female with equivalent risk factors. Baseline cholesterol parameters reference data from the Antihypertensive and Lipid Lowering Treatment to Prevent Heart Attack Trial (ALLHAT) 34 and Anglo-Scandinavian Cardiac Outcomes Trial (ASCOT) 35 since no data were available on these parameters from the PRA-guided therapy trial. Univariate sensitivity analyses were performed by varying cost and utility inputs. Several additional scenario analyses were also performed by varying demographic (e.g., age, gender) and clinical inputs (e.g., baseline BP, smoking status) to determine whether the type of patient impacted cost effectiveness.
RESULTS
Base case scenario
In the base case scenario of a male patient, the PRA-guided strategy, which lowered systolic BP by an additional 10 mm Hg over standard care, resulted in discounted total costs of $23,648 and a total QALY gain of 12.727 (Table 2 ). Corresponding standard care discounted total costs were $22,077 with a total QALY gain of 12.618. Thus, incremental costs and QALYs in the base case male patient scenario were $1,571 and 0.108, respectively, resulting in an ICER of $14,497 per QALY gained for lowering systolic BP with a PRA-guided strategy.
In the base case scenario of a female patient, the PRAguided strategy resulted in discounted total costs of $21,270 and a total QALY gain of 14.998 (Table 2) . Standard care discounted total costs were $19,037 with a total gain in QALYs of 14.942. Accordingly, incremental costs and QALYs were $2,232 and 0.055, respectively. Thus, the ICER for lowering systolic BP with a PRA-guided strategy was $40,449 per QALY gained in the base case female scenario.
Alternative scenario analyses
In additional alternative scenario analyses in which patient-specific input parameters were varied from the base case, the ICER ranged from approximately $3,506 to $16,035 per QALY gained ( Table 2 , alternate scenarios 1-4). Figure 2 displays the ICER across the age range of 54 to 79 years according to gender. For both males and females, the ICER increased with age and the ICER remained <$100,000 per QALY gained for females up to age 71 years and for males up to age 76 years. The addition of cardiovascular risk factors (e.g., smoking, diabetes, left ventricular hypertrophy, atrial fibrillation, higher baseline systolic BP) generally resulted in a lower ICER compared with the base case scenarios (Table 2) .
Univariate sensitivity analyses
In univariate sensitivity analyses, the ICER was estimated by varying treatment effect, transition probabilities, costs, and utilities. The parameters with the greatest impact on the ICER were treatment effect, the cost of the PRA test, and HTN utility (Figure 3) . Specifically, using a treatment effect of 20 mm Hg (i.e., a 20-mm Hg greater reduction, instead of a 10-mm Hg greater reduction, with PRA-guided strategy compared with standard care), the ICER was $1,110 per QALY gained, whereas if the treatment effect was conservatively estimated at 5 mm Hg, the ICER was $43,078 per QALY gained. At a cost of $50 per PRA test, the PRA-guided strategy dominated standard care with a higher QALY and lower discounted total costs. Conversely, at a cost of $300 per PRA test, the ICER was estimated at $41,630 per QALY gained.
DiSCUSSiOn
In the present study-to our knowledge, the first to assess the cost effectiveness of a PRA-guided strategywe found that a PRA-guided strategy that lowered mean systolic BP by 10 mm Hg more than standard care from a clinical HTN specialist is likely cost effective in the management of treated but uncontrolled HTN, depending on the willingness-to-pay threshold. In the base case scenario of a 63-year-old male with treated HTN (baseline BP = 155/89 mm Hg) and without significant cardiovascular Rounding to the nearest dollar and nearest thousandth for QALYs was conducted after computation of the incremental findings. Therefore, some incremental findings may be slightly different than the exact subtraction of PRA strategy minus SC due to rounding. Base case values derived from published data by Egan et al. 8 and ALLHAT and ASCOT data. 34, 35 Bolded items represent departure from base case male scenario.
Abbreviations: BP, blood pressure; ICER, incremental cost-effectiveness ratio; PRA, plasma renin activity; QALY, quality-adjusted life year; SC, standard care; SBP, systolic blood pressure.
a Incremental cost represents total cost for PRA strategy minus total cost for SC. b Incremental QALYs represents total QALYs for PRA strategy minus total QALYs for SC. c ICER represents incremental cost divided by incremental QALYs. disease, the PRA-guided strategy, as compared with standard care, was associated with an ICER of just <$15,000 per QALY gained; for a female with the same demographic and clinical parameter inputs, we found an ICER of just >$40,000 per QALY gained. For a person with greater cardiovascular risk than in our base case scenario, the ICER was substantially decreased in most cases, likely reflecting greater benefit afforded by BP reductions in high-risk patients. The one significant exception was increasing age: holding all other variables the same, the ICER increased substantially with age for both males and females. This finding is indicative of a diminishing return from tighter control of BP in older individuals since age and QALYs gained were inversely related.
These findings are significant given that a PRA-guided therapeutic strategy has been shown to significantly reduce BP and improve BP control rates compared with standard care from a HTN specialist. 8 Reductions in BP and HTN control have been consistently associated with a significantly lower risk of major adverse cardiovascular events; however, HTN control remains suboptimal in the United States and globally. Therefore, cost-effective and clinically effective strategies to improve BP control are urgently needed. Moreover, to be broadly implemented, these strategies must be widely available. Based on the present results and others, a PRA-guided strategy would appear to fit these criteria well.
Given the potential clinical impact of PRA-guided therapy, the present results suggest that, at least for younger individuals and those with higher cardiovascular risk, PRA-guided strategy may be a reasonable and cost-effective strategy to aid clinicians in improving BP control. From a payer perspective, these results suggest that across an insured population with HTN, reimbursement for PRA-guided therapy costs between approximately $15,000 and $40,000 per QALY gained, depending on risk reduction (and QALYs gained) afforded by a more rapid and more effective BP reduction. These ICERs are generally comparable to, or lower than, other nonpharmacologic strategies for reducing BP in hypertensive patients, including renal denervation (ICER = $31,460/ QALY gained), 19 carotid body stimulation (ICER = $64,400/ QALY gained), 36 and collaborative educational programs (ICER = $41,927 per life-year gained) aimed at improving treated but uncontrolled HTN. 37 In addition to cost effectiveness or the relative efficiency of an intervention, practical financial considerations should be made, including the affordability of the intervention. We found that as the size of the population that uses a PRA-guided strategy increases, the costs to the payer increase, ranging from an average of $697 (in high-risk patients) to $2,232 (in low-risk patients); these are additional costs over the patient's lifetime. Although not incorporated in the present study, a PRA-guided strategy also may result in a smaller number of medications for an individual patient, 8 resulting in potentially lower medication costs and greater medication adherence. In turn, lower medication costs and greater medication adherence also likely lead to less frequent healthcare visits for patients, resulting in additional cost reductions. Furthermore, the ability to better predict which antihypertensive agent a patient will respond to could minimize exposure to unnecessary, ineffective, or even potentially harmful medications. Finally, a noteworthy finding is that a PRA-guided strategy appears to dominate standard care from a HTN specialist when the cost of the PRA test was varied below $70 per test. This finding suggests that future reductions in the cost of PRA testing should warrant increased consideration of the PRA-guided treatment strategy since it may result in both cost savings and QALYs gained.
The present study has noteworthy limitations. First, the model assumed that the treatment effect of the PRA-guided strategy would be maintained over the long term; whether this is in fact true is not known as no long-term studies of PRA-guided strategies have been performed to date. Second, the present model analyzed BP response in hypothetical patients currently receiving treatment but not in previously untreated patients. Although a PRA-guided strategy is more effective in reducing population BP than prescribing based on demographic and clinical variables in previously treated patients, 8 the possibility remains that these two strategies are relatively comparable in previously untreated patients. Thus our results should not be extrapolated to a population of previously untreated hypertensive patients. Third, the model has a limited number of states-the major clinical sequelae of HTN-to which patients could transition and therefore may understate the impact of chronically elevated BP. However, this underestimation would be expected to bias our findings against the PRA-guided strategy, leading to more conservative estimates. Fourth, the incident probabilities were derived primarily from the Framingham cohort and therefore may not be applicable to all patients with HTN. In addition, the Framingham cohort does not represent an intervention study population per se. Thus risk reductions estimated using these data may differ from risk reductions stemming from clinical intervention trials testing the benefit of specific agents. However, published Framingham models do account for the presence (or absence) of antihypertensive treatment in predicting risk. Therefore, Framingham risk models are a commonly used and accepted method in economic analyses for projecting benefits of cardiovascular interventions. 19, 36, 38 Finally, the base case scenario parameter inputs were based largely on a relatively small clinical trial of PRA-guided therapy. Additional trials with larger sample size and more precise estimates of treatment effect will be useful in confirming the results of the present study.
In conclusion, our results suggest that a PRA-guided strategy for treating patients with treated but uncontrolled HTN may be cost effective, particularly for younger individuals and those with higher baseline cardiovascular risk. The primary drivers of ICER variability were age, cost of the PRA test, and the treatment effect (i.e., the effect on BP of a PRAguided strategy vs. standard care from a HTN specialist). Future studies will need to confirm these findings, ideally incorporating data from larger clinical trials of PRA-guided therapy.
